Mass bias evolution in tSZ cluster cosmology by Salvati, Laura et al.
Astronomy & Astrophysics manuscript no. main_arXIv_sub2 c©ESO 2019
May 16, 2019
Mass bias evolution in tSZ cluster cosmology
Laura Salvati1∗, Marian Douspis1, Anna Ritz2, Nabila Aghanim1, and Arif Babul3
1 Institut d’Astrophysique Spatiale, CNRS (UMR 8617) Université Paris-Sud, Bâtiment 121, Orsay, France
2 Magistère de Physique Fondamental, Université Paris Sud, Orsay, France
3 Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 1A1, Canada
∗e-mail: laura.salvati@ias.u-psud.fr
ABSTRACT
Galaxy clusters observed through the thermal Sunyaev-Zeldovich (tSZ) effect are a recent cosmological probe. The
precision on the cosmological constraints is affected mainly by the current knowledge of cluster physics, which enters
the analysis through the scaling relations. Here we aim to study one of the most important sources of systematic
uncertainties, the mass bias, b. We have analysed the effects of a mass-redshift dependence, adopting a power-law
parametrisation. We applied this parametrisation to the combination of tSZ number counts and power spectrum,
finding a hint of redshift dependence that leads to a decreasing value of the mass bias for higher redshift. We tested
the robustness of our results for different mass bias calibrations and a discrete redshift dependence. We find our results
to be dependent on the clusters sample that we are considering, in particular obtaining an inverse (decreasing) redshift
dependence when neglecting z < 0.2 clusters. We analysed the effects of this parametrisation on the combination of
cosmic microwave background (CMB) primary anisotropies and tSZ galaxy clusters. We find a preferred constant value
of mass bias, having (1 − b) = 0.62 ± 0.05. The corresponding value of b is too high with respect to weak lensing
and numerical simulations estimations. Therefore we conclude that this mass-redshift parametrisation does not help in
solving the remaining discrepancy between CMB and tSZ clusters observations.
1. Introduction
Galaxy clusters are able to track the recent evolution of
the large scale structure, describing the matter density field.
Therefore, they represent an important cosmological probe.
In recent decades, different observations of cluster samples
in X-rays (Böhringer et al. 2017; Pacaud et al. 2018), optical
(Rykoff et al. 2016), and millimetre wavelengths (Planck
Collaboration 2014, 2016b; de Haan et al. 2016; Bocquet
et al. 2018) have substantially improved the constraints on
cosmological parameters obtained from this probe.
In this paper we have considered galaxy clusters ob-
served through the thermal Sunyaev-Zeldovich (tSZ here-
after) effect (Sunyaev & Zeldovich 1970). The latest cos-
mological analysis of tSZ galaxy clusters (Planck Collabo-
ration 2014, 2016a,b; de Haan et al. 2016) have shown that
precision on the cosmological parameters is affected by sys-
tematic uncertainties, mainly related to cluster physics and
theoretical assumptions – see for example, the discussion in
McCarthy et al. 2003b,a; Poole et al. 2007; Hoekstra et al.
2012; Mahdavi et al. 2013; Ruan et al. 2013; Sakr et al.
2018. In particular, we have introduced uncertainties re-
lated to the calibration of the scaling relations between the
survey observables and the real mass of the cluster. These
relations are needed to extract cosmological information. A
key element of these scaling relations is the mass bias. The
bias arises from the assumption of hydrostatic equilibrium
when estimating the cluster mass, and it is therefore related
to the ratio between the estimated and the real mass of the
cluster (cf. Section 2). In practice, it may also account for all
possible observational biases, such as absolute instrument
calibration, temperature inhomogeneities, and residual se-
lection bias. In order to quantify this bias, we use weak
lensing (WL) mass reconstructions, which are supposed to
provide an unbiased estimate of the true mass of the cluster,
though with a larger scatter – see for example the discus-
sion in Mahdavi et al. 2008; Meneghetti et al. 2010; Zhang
et al. 2010; Mahdavi et al. 2013; Hoekstra et al. 2015; Smith
et al. 2016.
In a previous paper (Salvati et al. 2018) we show that
the well known discrepancy on cosmological parameters, in
particular on σ8, obtained from cosmic microwave back-
ground radiation (CMB) primary anisotropies and tSZ ob-
servations (Planck Collaboration 2014, 2016a,b) is substan-
tially reduced, thanks to the lower value of the optical depth
provided by Planck Collaboration (2016d). This result is
also confirmed in the latest Planck release (Planck Collab-
oration 2018b).
Nevertheless, we show that a tension is still present
on the value of the mass bias, when we compare the es-
timation from tSZ probes and baryon acoustic oscillations
(BAO) and tSZ and CMB data combination. This remain-
ing discrepancy may be related to the general calibration of
the adopted tSZ scaling relations. As described in Planck
Collaboration (2014, 2016b), these relations are calibrated
through X-ray observations on a sub-sample of the total
cosmological catalogue. They also provide an explicit mass-
redshift evolution. A complete re-calibration of these scal-
ing relations is beyond the scope of this paper. We decided
to focus only on the mass bias, since the correct evaluation
of this quantity remains an open issue when using galaxy
clusters as a cosmological probe.
In particular, in this paper we have analysed a possi-
ble variation for the mass bias, through an explicit mass-
redshift parametrisation. Indeed, as shown for example in
Smith et al. (2016), the mass calibration changes when
considering clusters samples in different redshift ranges.
We have investigated the effects of this parametrisaiton
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on the CMB-tSZ mass bias discrepancy. In order to fur-
ther explain our results and their impact on tSZ cosmo-
logical constraints, we analysed the effects of a redshift-
binned mass bias and different sample selections, on both
redshift and signal-to-noise ratio. We used measurements
from the Planck satellite for the galaxy cluster number
counts (Planck Collaboration 2016b), in combination with
the angular power spectrum of warm-hot gas, from Planck
(Planck Collaboration 2016a) and the South Pole Telescope
(SPT, George et al. 2015), starting from the analysis done
in Salvati et al. (2018).
The paper is organised as follows: in Section 2 we de-
scribe the approach we use in the analysis, presenting our
results in Sections 3 and 4. We discuss the results and derive
our final conclusions in Sections 5 and 6.
2. Method
In this analysis, we have studied the dependence of the
mass bias with respect to mass and redshift, exploiting the
combination of galaxy clusters number counts and power
spectrum, following the approach described in Salvati et al.
(2018). We have made use of the cluster sample provided
by Planck Collaboration (2016c) (PSZ2 cosmo sample here-
after), consisting of 439 clusters obtained from the 65%
cleanest part of the sky, in redshift range z = [0, 1] and
above the signal-to-noise ratio threshold of 6. Following the
analysis done in Planck Collaboration (2016b), we sampled
on both redshift and signal-to-noise ratio. We also used the
Planck estimation of tSZ power spectrum Planck Collabora-
tion (2016a), in the redshift range z = [0, 3] and in the mass
range M500 =
[
1013h−1M, 5 · 1015h−1M
]
. We combined
Planck data with the estimation from SPT at ` = 3000
George et al. (2015).
2.1. tSZ probes
The intensity of the tSZ effect, in a given direction of the sky
nˆ, is measured through the thermal Compton parameter y
y(nˆ) =
∫
ne
kBTe
mec2
σT ds , (1)
with kB being the Boltzmann constant, σT the Thomson
scattering cross section, and me, ne, and Te the electron
mass, number density, and temperature, respectively.
We briefly recall here the definition of the tSZ observ-
ables and probes that we have used in this analysis. For
an extensive description we refer the reader to our previous
paper (Salvati et al. 2018) and references therein.
Following the usual approach for tSZ observations, we
define galaxy clusters properties within ∆c = 500. There-
fore we considered cluster measurements within a sphere
of radius R500, within which the cluster mean mass over-
density is 500 times the critical density at that redshift,
ρc(z). As a consequence, the cluster mass is defined as
M500 =
4pi
3
R3500500ρc(z) . (2)
Following Planck Collaboration (2016c), we considered
Y500, which is the Compton y-profile integrated within a
sphere of radius R500, and the cluster angular size, θ500,
to be observables for cluster detection. In order to link the
cluster observables to the mass, we made use of the follow-
ing scaling relations (Planck Collaboration 2016c) for the
integrated Compton y-profile, Y500
E−β(z)
[
D2A(z)Y500
10−4Mpc2
]
= Y∗
[
h
0.7
]−2+α [
(1− b)M500
6 · 1014M
]α
(3)
and for the cluster angular size
θ500 = θ∗
[
h
0.7
]−2/3 [
(1− b)M500
3 · 1014M
]1/3
E−2/3(z)
[
DA(z)
500Mpc
]−1
.
(4)
In Eqs. 3 and 4 DA(z) is the angular diameter distance, h is
the reduced Hubble constant h = H0/100, E(z) = H(z)/H0
and b is the mass bias. It is defined through the ratio be-
tween the mass estimated assuming hydrostatic equilibrium
and the real mass of the cluster, (1 − b) = M500,HE/M500.
Since this is the definition that enters directly into the scal-
ing relations, in the following we report results for the total
(1 − b) quantity. For the coefficients of the scaling rela-
tions we have followed the approach in Planck Collabora-
tion (2016c). We fixed θ∗ = 6.997 arcmin and β = 0.66,
while for α, Y∗ and the dispersion of the scaling relations,
σlnY∗ , we adopted Gaussian priors, as defined in Table 1 of
Planck Collaboration (2016c).
The predicted number counts of galaxy clusters ob-
served in a redshift bin [zi, zi+1] is given by
ni =
∫ zi+1
zi
dz
dN
dz
, (5)
where
dN
dz
=
∫
dΩ
∫ Mmax
Mmin
dM500 χˆ(z,M500; l, b)
dN(M500, z)
dM500
dVc
dz dΩ
.
(6)
In Eq. 6, χˆ(z,M500; l, b) is the survey completeness at the
sky position (l, b), dN(M500, z)/dM500 is the mass function
and dVc/dz dΩ is the volume element. The generalization of
this description to also define number counts as functions
of the signal-to-noise ratio can be found in Planck Collab-
oration (2016b).
Assuming the halo model (see e.g. Cooray (2000)), the
expected tSZ power spectrum is defined as the sum of one-
halo and two-halo terms
CtSZ` = C
1 halo
` + C
2 halo
` . (7)
The one-halo term is expressed as
C1 halo` =
∫ zmax
0
dz
dVc
dz dΩ
×
∫ Mmax
Mmin
dM
dN(M500, z)
dM500
|y˜`(M500, z)|2
× exp
(
1
2
σ2lnY ∗
)
. (8)
The term y˜`(M500, z) in Eq. 8 is the Fourier transform on
the sphere of the Compton parameter y of individual clus-
ters. It is proportional to the pressure profile, for which we
Article number, page 2 of 14
Salvati et al.: Mass bias evolution in tSZ cluster cosmology
followed the evaluation in Arnaud et al. (2010). The two-
halo term (Komatsu & Kitayama 1999) is defined as
C2 halo` =
∫ zmax
0
dz
dVc
dz dΩ
×
[∫ Mmax
Mmin
dM
dN(M500, z)
dM500
y˜`(M500, z)
× B(M500, z)
]2
× P (k, z) , (9)
where P (k, z) is the matter power spectrum and B(M, z) is
the time-dependent linear bias factor, for which we followed
Komatsu & Kitayama (1999).
We also took into account the contribution from the
trispectrum term, in order to correctly evaluate the errors.
Following Cooray (2001) and Komatsu & Seljak (2002), the
dominant term in the halo model is defined as
T``′ '
∫ zmax
0
dz
dVc
dzdΩ
×
∫ Mmax
Mmin
dM
[
dN(M500, z)
dM500
× |y˜`(M500, z)|2|y˜`′(M500, z)|2
]
. (10)
2.2. Mass bias modelling
We considered a parametric representation of the mass bias,
such that the total (1− b) quantity can be defined as
(1− b)var(M, z) = (1− B) ·
(
M
M∗
)αb
·
(
1 + z
1 + z∗
)βb
, (11)
where (1 − B) is an amplitude, M∗ = 4.82 · 1014M is the
mean mass value of the Planck cluster sample and z∗ =
0.22 is the median value of the clusters catalogue that we
considering. We substituted this definition of (1 − b) into
Eqs. 3 and 4 for the scaling relations. Following the analysis
in Salvati et al. (2018), we applied a WL prior from the
Canadian Cluster Comparison Project (CCCP, Hoekstra
et al. 2015) on the total quantity (1− b)var evaluated at the
mean mass and redshift for the sample considered in the
CCCP analysis, that is,
(1− b)var(MCCCP, zCCCP) = 0.780± 0.092 , (12)
with MCCCP = 14.83 · 1014 h−1M and zCCCP = 0.246.
For CMB data, we exploited the new results from the
Planck collaboration (Planck Collaboration 2018a,b). The
new Planck likelihood is not yet public. In order to repro-
duce the constraints on the cosmological parameters Ωm
(matter density) and σ8 (normalization of the matter power
spectrum), we mimicked the Planck 2018 likelihood assum-
ing a Gaussian prior on the optical depth, τ = 0.054±0.007
(Planck Collaboration 2018b). We checked that the 68%
confidence level (c.l.) constraints that we obtain for Ωm
and σ8 are in agreement with the ones reported in Planck
Collaboration (2018b).
We stress that tSZ data are not able to constrain the
entire set of cosmological parameters alone. For this reason,
when not adding CMB data, we considered BAO measure-
ments from Anderson et al. (2014). In the entire analysis
we make use of mass function from Tinker et al. (2008).
In particular, we exploited the formulation for the redshift
evolution of the mass function, as described in Section 3 of
Tinker et al. (2008), and interpolated in order to obtain the
mass function coefficients at ∆c = 500.
The results discussed in the next section were obtained
using Monte Carlo Markov chains (MCMC). We simultane-
ously sampled on cosmological and mass bias parameters,
together with the other scaling relation parameters, α, Y∗
and σlnY∗ . We used the November 2016 version of the pub-
licly available package cosmomc Lewis & Bridle (2002). Full
details of the way in which we combined the likelihood for
tSZ number counts and power spectrum are discussed in
Salvati et al. (2018).
In order to check the consistency of our results, we per-
formed several tests. We analysed the effect of different
mass bias calibrations, applying a Gaussian prior at the
mean mass and redshift value for the considered sample
(as done for the CCCP calibration). In particular, we con-
sidered the WL calibration from the Weighting the Giants
project (WtG, von der Linden et al. 2014)
(1− b)var(MWtG, zWtG) = 0.688± 0.072 , (13)
with MWtG = 13.08 · 1014M and zWtG = 0.31, and an
evaluation from hydrodynamical simulations, exploiting re-
sults from Biffi et al. (2016) (BIFFI)
(1− b)BIFFI(MBIFFI, zBIFFI) = 0.877± 0.015 , (14)
with MBIFFI = 10.53 · 1014M and zBIFFI = 0.
We then considered a discrete redshift dependence for
the mass bias, dividing the entire redshift range of the PSZ2
cosmo sample in different bins, with different mass bias val-
ues. We checked how the results change for different redshift
and signal-to-noise ratio cuts in the cluster catalogue.
3. Results
We report the results obtained for the mass-redshift
parametrisation of the mass bias. We have analysed only
the ΛCDM scenario of cosmology. Regarding the cosmolog-
ical parameters, we focussed on the total matter density
Ωm and the normalization of the matter power spectrum,
described through σ8. Indeed the other parameters are not
affected by this parametrisation.
We define the ‘standard’ scenario as the case in which
the mass bias is a varying parameter but without any mass
or redshift dependence, i.e. (1− b)var = (1−B), labelled as
‘+ (1−B)’ only. We compared this case with the one adding
the mass and redshift dependencies, quantified by the αb
and βb parameters. When adding the mass-redshift vari-
ation, we also considered the case where the amplitude in
Eq. (11) is fixed to the value found in the ‘standard’ scenario
for the tSZ data combination CtSZ` +NC
tSZ+BAO+(1−B)
, i.e. (1 − B) = 0.75 (see Table 1). Therefore we fixed
(1 − B) = 0.75 for both CtSZ` + NCtSZ + BAO + αb + βb
and CtSZ` + NC
tSZ + CMB + αb + βb scenarios. We first
discuss results for tSZ+BAO data combination and then
explore the effect of this mass-redshift parametrisation also
on the tSZ+CMB combination.
3.1. tSZ power spectrum and number counts
We discuss results for the CtSZ` + NC
tSZ + BAO data com-
bination. The two-dimensional probability distributions in
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the (Ωm, σ8) parameter plane are shown in Fig. 1 for the
standard scenario (‘+ (1 − B)’, red contours), allowing for
the mass and redshift variation (‘+αb + βb’, green filled
contours) and for the complete parameters combination
(‘+ (1 − B) + αb + βb’, blue filled contours). The 68% c.l.
constraints are reported in Table 1 for all the parameters
combinations.
We began by comparing the results for the standard
scenario with those obtained when varying all mass bias
parameters. In the latter case, we see an enlargement of
the constraints towards higher values of Ωm. This is mainly
due to the degeneracy between the matter density and the
redshift dependence, as shown in Fig. 2. Regarding the
mass and redshift dependence, we first focussed on the
constraints on αb and βb. For the mass variation, we ob-
tain αb = 0.141+0.083−0.092. We stress that the αb parameter is
strongly correlated with the amplitude of the parametrisa-
tion, (1−B), as it can be seen in the scatter plot in Fig. 3,
left panel. Therefore we are not able to fully disentangle
the contributions of the two parameters to evaluate the ex-
act mass dependence. For the redshift variation, we find
βb = 0.20
+0.20
−0.16.
We quantify the effect of these results on the total vary-
ing mass bias, (1−b)var. We report in Fig. 4 (green and blue
curves) the trend of (1− b)var with respect to redshift and
mass, where the shaded areas represent the estimated 1σ
error. In order to stress the effect of the mass and redshift
variation, we show the trend for (1 − b)var at fixed values
of redshift and mass respectively, considering in each case
the lowest and highest values in the cluster catalogue range.
From these plots we can see that the total mass bias shows
a mild variation in mass and redshift. Therefore, even if the
αb and βb constraints are marginally consistent (within 2σ)
with 0, we still see a hint for mass and redshift evolution. In
particular, we stress that (1− b)var increases with redshift,
therefore providing a decreasing trend for the mass bias. In
order to further understand this particular trend, we per-
formed several consistency checks. We report the results in
the Section 4 below.
We conclude by reporting the results obtained when fix-
ing the amplitude (1−B) = 0.75. We chose this value for the
amplitude since it is the preferred one from the standard
scenario (‘+(1−B)’). Allowing for αb and βb to vary enlarges
the constraints in the (Ωm, σ8) parameter plane, as for the
complete combination ‘(1 − B) + αb + βb’. However, the
fixed amplitude moves the constraints of the mass-redshift
parametrisation back to being completely consistent with
0. Indeed, we find αb = 0.052± 0.046 and βb = 0.09+0.21−0.18.
3.2. Comparison between CMB and tSZ data
We start comparing results on the (Ωm, σ8) parameter plane
for the ‘standard’ (‘+ (1−B)’, only) scenario. Planck Collab-
oration (2018b) provides the following 68% c.l. constraints,
from the baseline Planck TT,TE,EE+lowE+lensing: Ωm =
0.315 ± 0.007 and σ8 = 0.811 ± 0.006. Regarding the com-
bination with tSZ data (considering number counts alone
in this case), they provide the value for the mass bias
(1−B) = 0.62±0.03. Comparing these values with those re-
ported here in Table 1 for the CtSZ` +NC
tSZ+CMB + (1−B)
scenario, we find a complete agreement, showing the signif-
icantly stronger constraining power of CMB with respect
to tSZ probes.
Fig. 1. Two-dimensional probability distribution for the pa-
rameters Ωm and σ8, showing 68% and 95% c.l. We show the
tSZ+BAO data, with tSZ = CtSZ` + NC
tSZ: varying only the
amplitude in Eq. (11) (red contours), adding the mass and red-
shift dependence (blue filled contours) and fixing the amplitude
(green filled contours). We show the same combinations adding
CMB data (cyan, black and orange contours).
Fig. 2. Two-dimensional probability distributions for the pa-
rameters Ωm and βb, showing 68% and 95% c.l. We show
tSZ+BAO results, with tSZ = CtSZ` + NC
tSZ, for the complete
mass bias parameters combination (blue) and fixing the ampli-
tude (green). We report the same combinations when also adding
CMB data (black and orange respectively).
Two-dimensional probability distributions in the
(Ωm, σ8) parameter plane are shown in Fig. 1 for the
standard scenario (‘+ (1 − B)’, cyan contours), opening
for the mass and redshift variation (‘+αb + βb’, orange
contours) and for the complete parameters combination
(‘+ (1 − B) + αb + βb’, black contours). The 68% c.l.
constraints are reported in Table 1.
Next we compare results for CtSZ` + NC
tSZ + CMB +
(1−B) with those considering tSZ+BAO data, i.e. CtSZ` +
NCtSZ + BAO + (1 − B). As discussed in Salvati et al.
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(2018) and Planck Collaboration (2018b), the lower value
of the optical depth τ helps in reducing the discrepancy
between tSZ and CMB data, at least on the σ8 parameter.
Given the degeneracy between the σ8 parameter and the
mass bias, the lower value of τ helps also in partly reduc-
ing the discrepancy on this latter quantity. Nevertheless,
current tSZ+CMB data combination prefers a value of the
mass bias that is still only marginally consistent with cur-
rent simulations and WL calibrations, see for example, the
collection of results reported in Salvati et al. (2018, Fig. 10).
Indeed, we find (1− B) = 0.62± 0.04.
We therefore analysed whether the mass-redshift
parametrisation proposed in Eq. 11 can allow for a con-
vergence of CMB and tSZ results towards higher values
of the mass bias. The results from CtSZ` + NC
tSZ + CMB
data combination confirm the strongest constraining power
of CMB data. Indeed, for the complete case with vary-
ing (1 − B) + αb + βb, results are completely in agree-
ment with the standard scenario where only (1 − B) is
varying, with αb and βb being consistent with 0. The
two dataset combinations also provide the same χ2 value
(χ2(1−B) = χ
2
(1−B)+α+β = 2956)
We then explored the results when fixing the amplitude
in Eq. (11) to (1−B) = 0.75. Our aim is to verify whether
the preferred low constraints for the mass bias from CMB
could be due to the assumption of a constant value in the
entire mass and redshift range, in other words, if a possible
mass-redshift variation can allow for a mass bias around
0.75 at some point in the mass-redshift space. The ‘+α+β’
parameter combination produces a shift in the constraints
in the (Ωm, σ8) plane, with χ2α+β = 2962. We therefore
compared this model with the standard ‘+(1 − B)’ one,
applying the Bayesian Inference Criterion (BIC, Schwarz
(1978)). The ∆ BIC between the ‘+α + β’ and +(1 − B)
models is ∆BIC ' 12.5, therefore providing strong evidence
for the first model to be disfavoured.
In the right panel of Fig. 3, we report the two-
dimensional probability distribution for (αb, βb) at different
values of the amplitude (1−B). We find a mild correlation
between αb and βb. Furthermore, we see that we are never
able to reach values of (1 − B) ∼ 0.8, for any combination
of (αb, βb).
We conclude by discussing the results for the total
(1 − b)var quantity, for the complete (1 − B) + αb + βb
scenario. In Fig. 4 we show the (1−b)var trend with respect
to redshift and mass, for tSZ+CMB data combination (red
and magenta lines and shaded areas). As described in pre-
vious section, we show the trend for (1−b)var at fixed values
of mass and redshift respectively, considering in each case
the lowest and highest values in the cluster catalogue range.
From these results we can see that adding CMB data keeps
the value of (1−b)var almost constant in mass and redshift,
while the results for tSZ data show a variation. Further-
more, it is clear that the adopted mass-redshift parametri-
sation does not help in solving the remaining tension on the
mass bias between CMB and tSZ data.
4. Robustness tests
To further understand the hint of redshift dependence lead-
ing to increasing values of (1 − b)var when considering the
CtSZ` + NC
tSZ + BAO + (1−B) +αb + βb dataset combi-
nation, we perform several analyses. Our aim is to under-
stand if the obtained constraints may depend on the choice
of the mass bias calibration, the mass-redshift dependence
description or the sample selection.
Before showing these results, we analysed the effect of
the tSZ power spectrum. Indeed, the wider redshift range
covered by tSZ power spectrum measurements (z = [0, 3])
could be the cause for the increasing trend of (1−b)var with
redshift. We compared the results for the complete CtSZ` +
NCtSZ +BAO + (1−B) +αb + βb combination with those
obtained from NCtSZ+BAO + (1−B) +αb + βb, the latter
being reported in Table 3. From this comparison it is clear
that results are driven by the stronger constraining power
of tSZ number counts. Indeed, the addition of tSZ power
spectrum only helps in slightly improving the constraints
precision, not changing the general results. Therefore we
confirm that, in the ‘(1 − B) + αb + βb’ scenario too, tSZ
power spectrum provides a lower constraining power with
respect to number counts, as it is already shown for the
‘standard’ scenario in Salvati et al. (2018).
Hence, for all the following tests we decided to focus
on the NCtSZ + BAO combination alone, considering as
baseline results obtained with CCCP prior on (1 − b)var.
As a reference, in Table 3 we also report the results for
the ‘standard’ scenario (i.e. fixing αb = 0 and βb = 0) for
NCtSZ + BAO.
4.1. Effect of external calibrations on (1− b)var
We compared results of the mass-redshift parametrisation
for different mass bias calibrations. Results are reported
in Table 3, upper panel. We began by considering a sig-
nificantly different WL calibration, exploiting results from
the Weighting the Giants (WtG) analysis (von der Linden
et al. 2014). We applied the calibration at the mean mass
and redshift for the WtG catalog, that is
(1− b)WtG(MWtG, zWtG) = 0.688± 0.072 . (15)
We chose this calibration, since it provides a higher value
of the mass bias (i.e. lower value for (1−b)), more in agree-
ment with the expected value from the CtSZ` +NC
tSZ+CMB
combination. We find a general agreement with results ob-
tained when using CCCP calibration. In particular, we find
the same hint of redshift dependence, having βb = 0.26+0.23−0.17
for WtG.
We then considered an estimation of the mass bias from
cosmological hydrodynamical simulations. We considered
the analysis of Biffi et al. (2016), which gives the value
(1− b)BIFFI(MBIFFI, zBIFFI) = 0.877± 0.015 (16)
at redshift z = 0. The lower value of the mass bias is point-
ing towards lower value of σ8, as expected, but still provid-
ing consisting constraints for the redshift dependence, with
βb = 0.27
+0.22
−0.17.
We stress how these calibrations are based on dif-
ferent approaches and are evaluated at different redshift
and mass (at which we apply the prior in our analysis),
having zCCCP = 0.246, zWtG = 0.31 and zBIFFI = 0,
MCCCP = 14.83 · 1014 h−1M, MWtG = 13.08 · 1014M
and MBIFFI = 10.53 · 1014M. Nevertheless, they provide
the same hint of redshift evolution, with the total (1− b)var
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Fig. 3. (αb, βb) parameters at different values of the amplitude (1−B). We show results for CtSZ` +NCtSZ+BAO + (1−B) +αb + βb
(left panel) and CtSZ` + NC
tSZ + CMB + (1− B) + αb + βb (right panel).
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Fig. 4. Redshift (left panel) and mass (right panel) variation of (1 − b)var at fixed values of mass and redshift respectively. We
show results for the combinations CtSZ` + NC
tSZ + BAO + (1 − B) + αb + βb (labelled ‘tSZ + BAO’, green and blue) and
CtSZ` + NC
tSZ + CMB + (1− B) + αb + βb (labelled as ‘tSZ+CMB’, red and magenta).
increasing for higher redshift values. The shape of the mass
bias (1 − b)var is almost independent on the mass-redshift
pivots for the different priors. Indeed, the calibrations sim-
ply change the constraints on Ωm, σ8 and (1 − B), as re-
ported in Table 3. In Appendix A we report a triangular
plot, showing this behaviour for the cosmological and mass
bias parameters for the different calibrations (Fig. A.1).
As a further comparison, we analysed the results when
considering only a flat prior for the mass bias, with (1 −
b)var = [0.6, 1.0]. Forcing the total mass bias within these
limits largely reduces the allowed range for the mass-
redshift variation. As shown, for example in Fig. 4, the
values of (1 − b)var for Mmin and z = 0 are well below
0.6. Therefore, we obtain constraints on αb and βb com-
pletely consistent with 0, as reported in Table 3. Never-
theless, we highlight that even without adding external
WL/hydrodynamical calibrations, we find consistent high
value for the mass bias, having (1− B) = 0.756+0.056−0.083.
We checked that we obtain consistent results when con-
sidering the complete CtSZ` +NC
tSZ+BAO combination for
all the different mass bias calibrations and when applying
the flat prior on (1− b)var.
4.2. Binning in redshift
Next we analysed results from a discrete redshift depen-
dence for the mass bias, dividing the redshift range, z =
[0, 1], in three bins. In this case too, we considered the
NCtSZ + BAO combination with CCCP calibration as the
baseline. For this analysis, in each redshift bin, we did not
re-evaluate the CCCP cluster masses, but we find the value
of (1− b) that allows for consistency between WL and tSZ
results. We chose the binning considering the redshift distri-
butions of the CCCP sub-sample, such that the majority of
the clusters is included in the second bin, that also encom-
passes the mean redshift of the sample. We then mimicked
the calibration by adding a gaussian prior on the mass bias
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Datasets Ωm σ8 (1− B) αb βb
CtSZ` + NC
tSZ + BAO + (1− B) 0.322+0.018−0.025 0.759± 0.024 0.753± 0.064 0 0
CtSZ` + NC
tSZ + BAO + (1− B) + αb + βb 0.380+0.048−0.032 0.751+0.024−0.032 0.63± 0.10 0.141+0.083−0.092 0.20+0.20−0.16
CtSZ` + NC
tSZ + BAO + αb + βb 0.345± 0.040 0.742+0.026−0.035 0.75 0.052± 0.046 0.09+0.21−0.18
CtSZ` + NC
tSZ + CMB + (1− B) 0.316± 0.009 0.811± 0.007 0.622± 0.033 0 0
CtSZ` + NC
tSZ + CMB + (1− B) + αb + βb 0.316± 0.009 0.812± 0.008 0.614+0.045−0.052 0.017+0.064−0.085 0+0.14−0.13
CtSZ` + NC
tSZ + CMB + αb + βb 0.300± 0.006 0.799± 0.006 0.75 −0.066+0.051−0.063 −0.06+0.13−0.12
Table 1. 68% c.l. constraints for cosmological and mass bias parameters, for the different dataset combinations.
parameter in the second redshift bin. The number of clus-
ters in the chosen redshift bins are reported in Table 2, with
the relative prior for the mass bias. Results are reported in
the lower panel of Table 3.
bin 1 bin 2 bin 3
(1− b)2
[0, 0.2] [0.2, 0.5] [0.5, 1]
CCCP 6 11 1 0.78± 0.092
PSZ2 cosmo 209 200 23
M [1014M] [0.83, 8.86] [3.70, 14.69] [5.87, 11.49]
Table 2. Number of galaxy clusters per redshift bin, for the dif-
ferent WL calibrations, compared with the Planck cosmological
sample (Planck Collaboration 2016b), labelled as ‘PSZ2 cosmo’.
We also report the range of cluster mass for each redshift bin.
We compared this redshift binning analysis with the
mass-redshift parametrisation when using the CCCP cal-
ibration. In Fig. 5 we show the two dimensional probability
distributions in the (Ωm, σ8) plane for the two cases. We
find that also the redshift binning analysis provide con-
straints for Ωm shifted towards higher values. We next fo-
cussed on the constraints for the mass bias parameters in
each redshift bin. The one-dimensional probability distribu-
tions are shown in Fig. 6. We find a mild confirmation for
the increasing trend of (1 − b) for higher redshift. Indeed,
results for the second and third bin point toward higher val-
ues, showing only a marginal consistency, within 2σ, with
the first bin. We checked that we obtain consistent results
on the shift of the (1−b)i parameters when considering the
complete CtSZ` + NC
tSZ + BAO.
4.3. Selection effects
We conclude this section by taking into account possible
catalogue selection effects. In particular, we have considered
different sub-samples of the entire PSZ2 cosmo sample. As
described in Section 2, the PSZ2 cosmo sample is selected
with a signal-to-noise threshold qmin = 6 and counts 439
clusters. As a comparison, following the analysis in Planck
Collaboration (2016b), we considered two other thresholds,
Fig. 5. Two-dimensional probability distributions for Ωm and
σ8. We show the comparison between the complete combination
NCtSZ + BAO + (1− B) + αb + βb (orange) and results from
the binning in redshift (green). As a reference, we show in blue
the constraints for the ‘standard’ case NCtSZ + BAO + (1−B).
All results are obtained considering the CCCP calibration.
qmin = 7 and qmin = 8.5, which provide samples of 339 and
216 clusters respectively. We label these samples ‘PSZ2 A’
and ‘PSZ2 B’. We also considered a different range in red-
shift, selecting only clusters with z & 0.2. This cut provides
a sample of 225 clusters, which we label ‘PSZ2 C’. As a
reference, the specifics of the different samples are reported
in Table 4.
We compare results on the NCtSZ + BAO + (1− B) +
αb + βb dataset combination for the different samples. The
constraints are reported in Table 5, where for comparison
purposes we report once more the constraints for the entire
PSZ2 cosmo catalogue.
Focussing on the αb and βb parameters, we see how
results change considering the different samples. In par-
ticular, changing the signal-to-noise ratio threshold shifts
the αb parameter from being completely consistent with 0
(αb = 0.10 ± 0.10 at qmin = 6) to providing a strong hint
of mass dependence (αb = 0.38+0.12−0.03 at qmin = 8.5), point-
ing the (1 − b)var quantity to increase with mass. On the
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Datasets Ωm σ8 (1− B) αb βb
CCCP: NCtSZ + BAO + (1− B) 0.314± 0.023 0.769+0.028−0.034 0.751± 0.093 0 0
CCCP: NCtSZ + BAO + (1− B) + αb + βb 0.374+0.065−0.035 0.752+0.033−0.040 0.66+0.10−0.14 0.10± 0.10 0.24+0.24−0.18
WtG: NCtSZ + BAO + (1− B) + αb + βb 0.385+0.060−0.032 0.765+0.026−0.035 0.597+0.077−0.094 0.11± 0.10 0.26+0.23−0.17
BIFFI: NCtSZ + BAO + (1− B) + αb + βb 0.362+0.044−0.023 0.699+0.020−0.033 0.845± 0.063 0.11+0.08−0.10 0.27+0.22−0.17
flat [0.6,1.0]: NCtSZ + BAO + (1− B) + αb + βb 0.330± 0.038 0.753+0.026−0.031 0.756+0.056−0.083 0.005+0.029−0.026 0.10± 0.16
Ωm σ8 (1− b)1 (1− b)2 (1− b)3
CCCP: NCtSZ + BAO 0.371+0.028−0.034 0.733
+0.028
−0.037 0.655± 0.078 0.775± 0.092 0.751± 0.095
Table 3. 68% c.l. constraints for cosmological and mass bias parameters, for the different dataset combinations.
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Fig. 6. One-dimensional posterior distributions for the mass
bias parameter in each redshift bin, for the NCtSZ + BAO com-
bination. As a reference, we show the 1σ limits for the CCCP
calibrations in orange (shaded area).
Catalogue qmin z range M [1014M] n◦ of clusters
PSZ2 cosmo 6 [0, 1] [0.83, 14.69] 439
PSZ2 A 7 [0, 1] [0.83, 14.69] 339
PSZ2 B 8.5 [0, 1] [1.32, 14.69] 216
PSZ2 C 6 [0.2, 1] [3.70, 14.69] 225
Table 4. Characteristics of the different clusters samples.
contrary, the βb parameter is shifted towards lower values,
completely in agreement with 0, from βb = 0.24+0.24−0.18 at
qmin = 6 to βb = −0.24+0.36−0.38 at qmin = 8.5.
When considering the different redshift ranges, on the
one hand αb remains consistent with 0, with αb = 0.10±0.10
for z in [0, 1] and αb = 0.04 ± 0.10 for z in [0.2, 1]. On the
other hand, βb changes from βb = 0.24+0.24−0.18 for z in [0, 1] to
βb = −0.09+0.23−0.17 for z in [0.2, 1].
Focussing in particular on the redshift dependence, we
show in Fig. 7 the (1− b)var variation for the PSZ2 cosmo
and PSZ2 C samples. We can clearly see that neglecting
the low redshift clusters induces an opposite redshift de-
pendence, leading to a decreasing trend of (1 − b)var for
higher redshift.
The changes on the αb and βb parameters also provide
a shift in the results for the amplitude (1 − B). Neverthe-
less, the constraints on Ωm and σ8 remain consistent for
the different samples (see again Tab. 5). We report a tri-
angular plot in Appendix A, showing the constraints and
correlations for the cosmological and mass bias parameters
for the different samples (Fig. A.2). We therefore conclude
that constraints on the mass-redshift dependence for the
mass bias are completely dependent on the sample that we
are considering.
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Fig. 7. Redshift variation of (1 − b)var at fixed values of mass.
We compare results for the complete PSZ2 cosmo sample and
the PSZ2 C sample, obtained selecting z & 0.2 clusters, in both
cases adopting CCCP calibration.
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NCtSZ + BAO + (1− B) + αb + βb Ωm σ8 (1− B) αb βb
PSZ2 cosmo, CCCP 0.374+0.065−0.035 0.752
+0.033
−0.040 0.66
+0.10
−0.14 0.10± 0.10 0.24+0.24−0.18
PSZ2 A, CCCP 0.380+0.062−0.037 0.772
+0.031
−0.038 0.51± 0.10 0.29± 0.11 0.01+0.31−0.24
PSZ2 B, CCCP 0.364+0.054−0.040 0.770
+0.032
−0.039 0.444
+0.057
−0.084 0.38
+0.12
−0.03 −0.22+0.39−0.32
PSZ2 C, CCCP 0.378+0.048−0.036 0.740
+0.034
−0.044 0.74
+0.12
−0.15 0.04± 0.10 −0.09+0.23−0.17
Table 5. 68% c.l. constraints for cosmological and mass bias parameters, for the different dataset combinations.
5. Discussion
Calibration of the scaling relations, the mass-redshift evo-
lution, and the possible departure from the assumptions
of hydrostatic equilibrium and self similarity have raised
much interest in the community. Focussing in particular on
the mass bias, the Planck collaboration has provided such a
broad galaxy cluster catalogue that many authors have con-
tributed with evaluations of cluster masses and with pos-
sible estimation of mass and redshift dependence for the
mass bias, selecting different sub-samples of the catalogue,
see for example von der Linden et al. (2014); Hoekstra et al.
(2015); Okabe & Smith (2016); Sereno & Ettori (2015a);
Smith et al. (2016); Penna-Lima et al. (2017); Sereno et al.
(2017) and a collection of measurements in Salvati et al.
(2018). Given how the discrepancy on cosmological param-
eters between tSZ probes and CMB data has been partially
solved thanks to new measurements of the optical depth,
the correct description of the scaling relations remains one
of the open issues when using galaxy clusters as a cosmo-
logical probe, with the mass bias being one of the largest
source of uncertainties (see e.g. the recent review from Pratt
et al. (2019) for a full description of the impact of the mass
bias on the cosmological constraints).
The mass bias is generally introduced to quantify any
departures from the assumption of hydrostatic equilibrium
when evaluating clusters masses with X-rays and tSZ ob-
servations. The uncertainties in the evaluation of the mass
bias can be related to the description of cluster physics (e.g.
baryonic effects, processes leading to non-thermal pressure
contributions, magnetic field) or to experimental uncertain-
ties in tSZ and X-rays measurements. Hydrodynamical sim-
ulations provide an alternative estimation of this quantity,
(1− b) ∼ 0.8, with the main uncertainties being related to
the identification and evaluation of the different processes
leading to non-thermal pressure contributions, see for ex-
ample Biffi et al. (2016) and references in Planck Collabo-
ration (2014).
Given this complex scenario, we decided to focus our
analysis on the mass bias. We considered the scaling rela-
tions provided from the Planck collaboration (and reported
in Eqs. (3) and (4)). We followed the general assump-
tions on self-similarity, hydrostatic equlibrium and mass-
redshift evolution for the scaling relations and encode all
possible departures from these assumptions in the mass
bias. We propose a simple and empirical mass and red-
shift parametrisation for the mass bias. In discussing the
results, we focus both on the constraints on the mass bias
itself and on the effects on the CMB-tSZ discrepancy. Since
the stronger constraining power of CMB data does not al-
low to have any mass or redshift variation, for the first part
of the discussion we focus only on results from tSZ+BAO
data.
In the Section 3, we showed that the constraints on the
αb and βb parameters from the CtSZ` +NC
tSZ+BAO combi-
nation are marginally consistent with 0. Nevertheless, when
evaluating the total (1−b)var quantity, we clearly see a hint
for a mass-redshift evolution. In particular, we find (1−b)var
to be slightly increasing with redshift. This result is partly
enhanced when considering only NCtSZ + BAO.
In order to provide a more complete analysis, we com-
pared results from different mass bias calibrations, when
considering the NCtSZ + BAO combination. In particular,
we considered results from another WL calibration (the
WtG analysis) and from a cosmological hydrodynamical
simulation. Regarding the WL evaluations, we decided to
compare the CCCP and WtG analysis, to highlight how
lower and higher values of the mass bias affect the con-
straints on Ωm and especially σ8. When comparing these
results it is important to recall how the calibrations are es-
timated. For all the details, we refer to the single analysis
(Hoekstra et al. 2015; von der Linden et al. 2014). We note
here that the different works consider diverse sub-samples
of the entire Planck cosmological catalogue, with differ-
ent number of clusters, mass and redshift range and yet
with some overlapping of objects between the different se-
lections. Furthermore, the lensing mass extraction method-
ologies differ from one evaluation to another. Regarding
hydrodynamical simulations, we consider results from Biffi
et al. (2016), which evaluates mass bias for a sample of
simulated clusters at redshift z = 0. We stress that even
comparing different evaluations for the mass bias (based
on different approaches and considered cluster samples),
we find the same slight increasing trend of (1 − b)var to-
wards high redshift. Indeed, apart from different values of
the calibrations themselves, the shape of (1−b)var is nearly
independent of the pivots at which these calibrations are
applied. We compared the results obtained with the dif-
ferent calibrations with the case when we applied a flat
prior on the total mass bias. By diminishing the range for
(1− b)var, we also reduce the allowed values for αb and βb,
therefore removing any hint of redshift and mass variation.
Nevertheless, we stress that even without considering any
external calibration, the preferred value for the mass bias
is given by (1− B) = 0.756+0.056−0.083.
The slightly increasing trend of (1− b)var with redshift
is also confirmed when we divide the redshift range of the
PSZ2 cosmo sample in three bins and evaluate the mass
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bias in each bin. Indeed, we find the (1 − b)i parameters
moving towards higher values for higher redshift.
The CCCP and WtG analysis provide results regarding
a mass dependence for the mass bias, while not discussing a
possible redshift dependence. Both WtG and CCCP agree
in finding a modest evidence for the mass dependence, hav-
ing MPlanck ∝M0.76
+0.39
−0.20
WtG and MPlanck ∝M0.64±0.017CCCP .
In the collection of CoMaLit papers (Sereno & Ettori
2015b; Sereno et al. 2015; Sereno 2015; Sereno & Ettori
2015a, 2017) the authors provide an extensive discussion
on measurements and calibrations for the scaling relations,
analysing different wavelengths results. In particular, in
Sereno & Ettori (2017), the authors focus on the analy-
sis of a possible mass and redshift dependence for the mass
bias, comparing WL and tSZ estimated masses for a sub-
sample of the Planck cosmological catalogue of 135 galaxy
clusters. Their analysis provides a mass bias that is nearly
mass independent but increases with redshift, implying the
cluster masses to be strongly underestimated at higher red-
shift. We find consistent results when considering the PSZ2
C sample, cutting at zmin = 0.2.
In Smith et al. (2016), the authors evaluate masses for
a sub-sample of 44 Planck clusters in the redshift range
z = [0.15, 0.3], finding the value (1 − b) = 0.95 ± 0.04.
When comparing this value with WtG and CCCP analy-
ses, they find that the different results are due not only to
different methods of mass calculation, but also to the differ-
ent redshift ranges. Indeed, when splitting WtG and CCCP
redshift ranges in two bins (z < 0.3 and z > 0.3) and re-
evaluating clusters masses, they find a general agreement
on the mass bias for the lower redshift bin, highlighting a
decreasing trend for (1 − b) with respect to redshift. We
again find the same trend when considering the PSZ2 C
sample, with zmin = 0.2
There are also attempts to constrain the mass-redshift
dependence of the mass bias based on tSZ power spectrum.
In Makiya et al. (2018), the authors provide a joint analy-
sis of Planck tSZ power spectrum and the number density
fluctuations of galaxies in the Two Micron All Sky Sur-
vey (2MASS) redshift survey (2MRS). Despite showing the
2MRS-tSZ cross-power spectrum to be more sensitive to
less massive haloes than the tSZ autopower spectrum, they
are not able to strongly constrain a mass variation for the
mass bias.
To summarize, we stress the difficulty in comparing our
results and the different analyses. We have shown how the
mass and redshift dependence may depend on the sample
definition, providing a hint of different behaviour for low
redshift (z < 0.2) and high redshift (z > 0.2) clusters.
In particular, we highlight that different cuts in redshift
(and signal-to-noise ratio) also change the considered mass
range. In Tables 2 and 4 we report the mass ranges for the
different sub-samples of the PSZ2 cosmo sample. The lower
redshift bin, up to z = 0.2, is the one containing the lower
masses objects. It is possible that our results on the mass
bias evolution are affected by this asymmetric mass distri-
bution of clusters in the entire redshift range. Furthermore,
the large amount of low-mass clusters in z < 0.2 could also
explain the low value for (1−b) that we find in that redshift
interval, having (1− b) ∼ 0.6.
Therefore, in order to improve these results and
provide a more realistic description of the mass-redshift
evolution of the mass bias, it is necessary to have access
to WL calibrations based on wider sub-samples, more
representative of the cluster population that we consider
for the cosmological analysis.
Next, we focus on the evaluation of the mass bias from
CMB and tSZ data combination. We discuss above how the
latest results on the optical depth from the Planck collab-
oration have significantly reduced the discrepancy on the
σ8 parameter between tSZ and CMB data, up to 1.5σ and,
as a consequence, the one on the mass bias. Nevertheless,
CMB primary anisotropies prefer values of the mass bias
that are still higher than evaluations from simulations, WL
and Xrays analysis (see e.g. Maughan et al. (2016)), having
(1− b) ' 0.6.
We have also compared the tSZ+CMB results with al-
ternative estimations of the mass bias. We consider the
analysis presented in (Ettori et al. 2019; Eckert et al. 2019).
The authors provide constraints on the mass bias through
the evaluation of non-thermal pressure contributions. The
authors analyse how physical quantities that describe the
intracluster medium deviate from the pure gravitational
collapse model and therefore from the condition of hydro-
static equilibrium. In particular, they focus on the evalua-
tion of the gas fraction for 12 local massive clusters in the
Planck cosmological catalogue, from which they obtain the
mass bias constraints (1 − b) = 0.85 ± 0.05. Furthermore,
they stress how constant values of mass bias (1 − b) ∼ 0.6
result in a too low value for the universal gas fraction, being
rejected at almost 4σ.
In previous sections we analysed if the mass-redshift
parametrisation proposed in Eq. 11 can help in shifting
the mass bias constraints towards higher values, for the
CMB+tSZ dataset combination. However, when we ap-
ply the ‘(1 − B) + αb + βb’ parametrisation, we find re-
sults that are consistent with the standard scenario, having
(1− b)var ' 0.6. Furthermore, as shown in Fig. 4, the varia-
tion of (1− b)var for tSZ data allows only for partial consis-
tency between the two datasets combinations. We conclude,
therefore, that a mass-redshift parametrisation of the mass
bias does not help in completely reconciling results from
CMB and tSZ data, still providing constraints that are not
in agreement with other astrophysical evaluations.
6. Conclusions
We analysed a possible dependence for the mass bias with
respect to mass and redshift, considering galaxy clusters
observed through the tSZ effect by the Planck satellite and
combining galaxy clusters number counts with estimation
of tSZ power spectrum. We compared and combined tSZ
data with the latest CMB results from the Planck satellite.
We considered an empirical mass-redshift parametrisa-
tion and perform several tests in order to check the con-
sistency of our results. When considering tSZ+BAO data,
we find a modest hint for redshift dependence, leading the
(1− b)var quantity to increase with redshift. We tested that
these results do not depend on the choice of the mass bias
calibration, by comparing the effect of WL and hydrody-
namical calibrations. As a further test, we divided the red-
shift range for the PSZ2 cosmo sample in 3 bins and analyse
the change in the (1−b)i parameters. We find the same hint
for redshift dependence, having the (1− b)i parameters in-
creasing towards higher redshift. We also analysed the case
in which we do not consider any external calibration. We
Article number, page 10 of 14
Salvati et al.: Mass bias evolution in tSZ cluster cosmology
highlight that even in this scenario, the preferred value for
(1− b) from tSZ galaxy clusters is equal to 0.756+0.056−0.083.
We stress, however, that these results on the mass-
redshift variation depend on the selected cluster sample.
Indeed we compared results from samples obtained consid-
ering different signal-to-noise ratio thresholds and redshift
range. In general, we find the constraints on αb and βb (and
therefore the mass and redshift dependence) to change for
the different samples. It is therefore difficult to fully com-
pare these results with other analyses available in literature.
We analysed results for the complete tSZ+CMB data
combination. We find statistically consistent results on the
(1− b)var quantity. Nevertheless, we stress that CMB data
still pushes towards high values of the mass bias (i.e. low
values of (1 − b)), providing results not in agreement with
numerical simulations and WL estimations. We conclude,
therefore, that a mass-redshift variation, at the current level
of precision and accuracy of observations, does not solve the
discrepancy on the mass bias calibration between CMB and
large scale structure evaluations.
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Appendix A: Cosmological and mass bias
parameters constraints
We show in the triangular plots in Fig. A.1 and A.2 the
one-dimensional and two-dimensional probability distribu-
tions for the cosmological (Ωm and σ8) and mass bias pa-
rameters. We report constraints for the different mass bias
calibrations and sub-samples of the entire PSZ2 cosmo cat-
alogue, as described in Sect. 4.
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Salvati et al.: Mass bias evolution in tSZ cluster cosmology
Fig. A.1. Correlation between cosmological and mass bias parameters, for the NCtSZ + BAO + (1−B) + αb + βb combination.
In blue we show results for the CCCP calibration (baseline), in red for the WtG calibration, in orange for BIFFI and in green
results when using a flat prior, (1− b)var = [0.6, 1.0].
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Fig. A.2. Correlation between cosmological and mass bias parameters, for the NCtSZ + BAO + (1−B) + αb + βb combination.
In blue we show results for PSZ2 cosmo sample (qmin = 6), in red for the PSZA sample (qmin = 7), in green for the PSZB sample
(qmin = 8.5) and in orange for the PSZC sample (zmin = 0.2).
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